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ABSTRACT
We detail variations in the weight percent (wt%) of quartz, a proxy for drift ice, in fifteen marine
sediment cores from the northwest, west, and southwest Iceland shelf throughout the past
10 cal ka BP. We present the first map of iceberg distributions in Iceland waters between 1983
and 2011 and a new compilation of sea-ice records in the century from 850 to 1950 CE. The wt%
of quartz, determined by quantitative X-ray diffraction (qXRD) analysis, is used to evaluate
changes in the importation of drift ice. Small wt% of quartz were added to milled basalt (0%
quartz), and to a mixture of non-clay and clay minerals; the qXRD method replicated 0 percent
quartz, while measured 1–3 percent quartz always resulted in a “presence” estimate. The outer
sites in the northwest sector lie close to the average position of the sea-ice margin between 1870
and 1920 CE; the southwest shelf sites lie south of this limit. Transects of cores along the Húnaflói
and Djúpáll troughs indicate that the traces of drift ice decrease rapidly landward from the outer
sites. The cores from the west/southwest of Iceland have limited amounts of quartz, generally
possibly limited incursions of drift ice.
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The presence of sea ice and icebergs (together termed
drift ice) around Iceland (Figure 1; Koch 1945;
Wallevik and Sigurjónsson 1998) is an important cli-
matic indicator (Lamb 1979; Ogilvie and Jónsdóttir
2000; Ogilvie and Jónsson 2001). Sea-ice export from
the Arctic Ocean (~5,000 km3 yr−1) is a major contri-
butor of fresh water to the northern North Atlantic
(Karcher et al. 2005; Morison et al. 2012; Figure 2B),
which can impact deep-water formation and the ther-
mohaline circulation (Dickson et al. 1988, 1996).
Increased drift ice points to critical changes in the
atmosphere–ocean–cryosphere system and has negative
effects on Icelandic agriculture and fishing (Ogilvie
1997). Modern satellite and historical observations of
the southern and eastern limits of drift ice on the
Iceland shelf indicate a limited penetration of drift ice
south of Vestfirðir (the northwest peninsula of Iceland;
Figure 1). However, it is not known whether these
limits applied during the mid-to-late Holocene (the
past ca 5 cal ka) and whether extensive drift ice reached
southwest Iceland during the Little Ice Age (1300–1900
CE), the coldest interval of the past 10 ka as suggested
by Jennings et al. (2001). If this had occurred it could
have had an impact on the subpolar gyre (Miller et al.
2012; Moreno-Chamarro et al. 2017).
The purpose of this article is to develop reconstruc-
tions of drift-ice extent throughout the past
10,000 years on the northwest, west, and southwest
Iceland shelf using the weight percent (wt%) of the
mineral quartz in marine sediment cores, and to eval-
uate these data in the context of the present-day and
historic observations of the distribution and controls
on drift ice (Bergthórsson 1969; Ogilvie 1997; Ogilvie
and Jónsdóttir 2000; Figure 1).
Background and methods
Ocean climate and currents
The Icelandic Marine and Freshwater Research
Institute (www.hafro.is) has maintained a series of
hydrographic transects on the shelf around Iceland
with stations occupied seasonally since 1970. Warm
and saline Atlantic water carried by the Irminger
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Current is transported clockwise around Iceland; the
current divides off southwest Iceland and one branch
continues north and east around Iceland as the North
Iceland Irminger Current (NIIC; Stefansson 1962;
Figure 2A). Winter sea-surface temperatures in the
Irminger Current are 6–4°C. Much colder, fresher,
drift ice bearing Arctic and Polar surface waters flow
toward Iceland from the Arctic Ocean in the East
Greenland and East Iceland Currents (Figure 2). The
boundary between the Atlantic and Arctic and Polar
surface waters is referred to as the North Iceland Front
(Belkin, Cornillon, and Sherman 2009). A coastal cur-
rent (Figure 2A) runs clockwise around Iceland and
this can transport glacial meltwater, fluvial runoff, and
occasionally sea ice to southwest Iceland.
Drift ice
Both icebergs and sea ice are exported from the Arctic
Basin (Eggertsson 1993; Hellmann et al. 2015; Darby
et al. 2017) and are primarily transported along the
north coast of Iceland by the East Iceland Current
Figure 1. Location map (see insert map for overall location). Dotted line shows the average April position 1870–1920 CE of the sea-
ice edge (15 percent ice coverage). The lines labeled “Gray 1881” indicate the extent of sea ice as noted in his map (Gray 1881a). The
full identifications for the cores are listed in Table 1. The names of the troughs in this part of the Iceland shelf are used in Figure 8A–
D.
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(Stefansson 1962; Figure 2A). The vast majority of
icebergs reaching the Iceland shelf originate from tide-
water glaciers along the northeast–east Greenland mar-
gin of the Greenland ice sheet (Bigg 1999, 2016;
Andrews, Bigg, and Wilton 2014; Darby et al. 2017).
The release of icebergs to drift, however, depends on
the state of the landfast sea ice around Greenland (Reeh
et al. 2001; Reeh 2004), which can hold the icebergs
inshore. The trajectory of iceberg drift is a function of
sea-surface current speed and direction, plus the
strength, persistence, and direction of surface winds
(Daley and Veitch 2000; Bigg 2016), although iceberg
shape is also important (Wadhams 2000).
Drift-ice proxies
A variety of proxies have been developed and used
to estimate the presence of sea ice and drift ice (de
Vernal et al. 2008, 2013; Figure 3), and all have
limitations. Here we do not investigate further the
application of diatom and dinoflagellate assemblages
in the reconstruction of sea-ice history (see Jiang
et al. 2001; Solignac, de Vernal, and Hillaire-
Marcel 2004). We focus on the presence of quartz,
a mineral that is generally absent in basalt and thus
not a product of erosional processes on Iceland. We
assess the limits and advantages of this method
against sea-ice rafted driftwood (Eggertsson 1993)
and the IP25 biomarker (Belt and Müller 2013;
Cabedo-Sanz et al. 2016; Figure 3).
Siberian driftwood is plentiful on the beaches of
northwest–north Iceland and its linkage to Russian
river systems is a powerful indicator that drift ice
reaches Icelandic waters (Eggertsson 1993;
Hellmann et al. 2015). Research has shown that the
driftwood needs to be transported on sea ice,
because it cannot float for the many months it
would take to drift to Iceland on its own
(Haggblom 1982). However, as illustrated in Figure
3, the driftwood could initially be carried on sea ice,
and when those ice floes melted the driftwood could
float for some undetermined distance from the sea-
ice edge to shore.
The IP25 biomarker is a robust indicator of the
presence of sea ice (Belt et al. 2007; Belt and Müller
2013), but unlike quartz it is unrelated to the pre-
sence of icebergs. Off north Iceland (core MD99-
2269) (Figure 1) a close correspondence has been
noted between the presence of quartz wt% and IP25,
both in downcore analysis (Cabedo-Sanz et al. 2016)
as well as in the seafloor surface samples collected
during the B997-cruise (Helgadóttir 1997). However,
off west and southwest Iceland, the two proxies
differ, with quartz wt% present in low percentages
while IP25 is absent (Figure 4). This difference might
be attributed to a drift-ice (sea ice and icebergs)
versus solely sea-ice association (Figure 3).
Research on the application of FeO grains (250–43 µm)
as indicators of sediment sources in marine sediments
Figure 2. (A) Map showing the major surface currents around
Iceland (red = warm, blue = cold), (B) temperature °C distribu-
tion at 50 m wd, and (C) salinity ‰ at 50 m wd for
February 2013.
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around north Iceland has also been presented (Andrews
et al. 2009; Darby et al. 2017). Darby et al. (2017) derived
sediment provenance via the geochemistry of sand grains
in the 250–45 µm fraction of the core MD99-2263 from
Djúpáll, northwest Iceland (Figure 1). In this fraction the
majority of the grains were derived from east and north-
east Greenland and they concluded that the FeO-grain
evidence from Djúpáll was weighted toward east
Greenland iceberg sources as opposed to FeO grains
originating from sources around the Arctic Basin.
Table 1. Location of the cores used in this study, and the average sediment accumulation rate (SAR) and the trend in the weight %
of quartz over the last 5000 yrs.
See Figures 1, 8, and 9
Area Cruise Station Longitude (W) Latitude (N) Depth (m) SAR* (cm/ky) Trend past 5 cal ka BP
Húnaflói MD99 2269 −20.85 66.63 365 200 +
B997 327 −20.86 66.64 373 71.7 +
B997 324 −21.15 66.52 282 21.3 +
B997 329 −21.28 65.97 111 41.4 NA
B997 330 −21.08 65.87 165 51.6 +
Djúpáll B997 315 −24.37 66.73 220 25.7 NA
MD99 2264 −24.20 66.68 235 116.4 +
B997 313 −23.90 66.62 212 23.6 NA
JM96 1232 −24.00 66.62 223 38.5 +
MD99 2266 −23.27 66.23 106 366.6 NA
S. Vestfirðir A2010 586 −23.74 65.75 98 341 -
B997 343 −24.49 64.78 268 37.2 -
Faxaflói MD99 2256 −24.21 64.30 246 38.3 NA
HU93030 006TWC −24.21 64.28 247 18.5 NA
MD99 2258 −24.44 63.96 355 15 NA
MD99 2259 −24.48 63.96 385 17 NA
B997 347 −24.48 63.93 321 30.1 NA
*Average sediment accumulation rate.
Figure 3. sediment diagram showing the limits of various proxies for drift ice (see text); namely, driftwood, quartz wt %, and the
sea-ice biomarker IP25.
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Quantitative x-ray diffraction (qXRD)
Quartz is generally foreign to the basaltic bedrock of
Iceland, although its presence has been noted in altered
basalt (Ehlmann et al. 2012). In basalt silica is present
as glass, an amorphous phase. Thus, quartz can be used
as a proxy for drift ice around Iceland (Eiríksson et al.
2000; Andrews and Vogt 2014). For quartz to be trans-
ported onto the Iceland shelf, either in sea ice or ice-
bergs, sediment has to be entrained into or onto the ice
(Figure 3). The presence of sediment in or on sea ice
that is exported from the Arctic Ocean requires that the
ice originate on the shallow shelves around the Arctic
Basin (Dethleff 2005; Dethleff and Kuhlmann 2009,
2010; where the driftwood would also be emplaced
during the nival flood period) or as glacial debris
(Drewry 1986; Alley et al. 1997; Bigg 2016). The use
of quartz as an index of the presence of drift ice
requires that: (1) the drift ice contains sediment and
(2) melting of the ice takes place. The wt% of quartz
was determined by quantitative X-ray diffraction
(qXRD) of the bulk sediment <2 mm (Eberl 2003;
Andrews and Eberl 2007; see Supplementary
Material). Quartz is present in both the clay-size and
in the <2 mm fractions (Andrews and Eberl 2007). We
use the wt% of calcite measured by qXRD (Eberl 2003)
as a comparison to the quartz wt%. Changes in the wt%
of calcite have been used as a proxy for marine pro-
ductivity and hydrographic variability (Andrews et al.
2001a, 2001b), and are especially influenced by cocco-
lith blooms (Giraudeau et al. 2010), which are
a function of temperature and nutrient supply
(Thórdardóttir 1984; Stefansson and Ólafsson 1991).
The detection limit for quartz and other minerals in
qXRD (e.g., Cook et al. 1975; Kolla, Biscaye, and
Hanley 1979; Armbruster, Tillman, and Hubbs 1994)
has not received a lot of attention (see VyVerberg,
Jaeger, and Dutton 2018). The quartz detection limit
varies depending on the instrument, instrument set-
tings, and analytical program used. In the INSTAAR
Sediment Laboratory we routinely run measured (i.e.,
known) wt% mixtures of non-clay and clay minerals.
This enables us to: (1) estimate the bias (absolute dif-
ference between the known and measured wt%) for
selected minerals (Raven and Self 2017), including
quartz and calcite, and (2) evaluate the statistical qual-
ity control of the time-series standards (Aabel 2016).
To investigate the detection limits we performed
experiments (see Supplementary Material) on: (1)
a sediment mixture with measured amounts of quartz
(3.7%), calcite, dolomite, pyroxene, and kaolinite
(Supplementary Table 2a)—a smaller quartz standard
was produced by splitting the sample and adding
50 percent by weight of brucite—and (2) quartz added
to a ground basalt with 0 percent quartz. The results
from the experiments indicated that: (1) repeated runs
of the basalt samples always resulted in a 0 wt% quartz
and (2) when small weighed fractions of quartz were
added it was always detected by qXRD, although with
Figure 4. Plot of the surface (1997 CE) values for IP25 and quartz %
(Cabedo-Sanz et al. 2016). The dashed black line shows the
approximate limits of zero detection for both proxies.
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variable wt% estimates (Figure 5; see Supplementary
Material). To avoid a bias related to possible instru-
ment drift, the core samples for qXRD were always
processed in a quasi-random sequence and not conse-
cutively by depth. Because the qXRD results are nor-
malized to sum to 100 percent the estimated quartz wt
% is potentially affected by the totality of changes in
mineral composition (Fisher and Underwood 1995).
However, we noted little change between the estimated
quartz wt% based on twelve versus thirty-five minerals
(Supplementary Tables 2a and 2b).
At the distal end of drift-ice transport the quartz wt%
may be small and close to the detection limit, but if there
is a constant but “trace” amount of quartz the former
presence of drift ice is considered possible. However, we
argue that what is important is not whether the wt% of
quartz is absolutely accurate (Figure 5), but whether there
are statistically important trends in the time series. We
use the non-parametric Mann-Kendal trend test
(Hammer, Harper, and Ryan 2001) to ascertain if there
is a significant increase (+), decrease (-), or no trend (NA)
in quartz during the past 5 cal ka BP (Table 1). If the
variations in quartz wt% are merely expected random
variations about mean values, then a detectable trend
would only occasionally arise by chance. Previously we
have shown that there is strong regional coherence in the
quartz signal from multiple cores on 250 yr and 100 yr
resolution time series (Andrews 2009; Andrews et al.
2009; see Figure 8B.1). An additional important reason
for confidence in the use of quartz wt% as a proxy for drift
ice is the significant correlations between measurements
of the IP25 biomarker and quartz (e.g., Figure 4; Cabedo-
Sanz et al. 2016; Darby et al. 2017).
Core chronologies
All radiocarbon dates used herein are published in
INSTAAR Date Lists (Manley and Jennings 1996;
Smith and Licht 2000; Dunhill, Andrews, and
Kristjánsdóttir 2004; Quillmann et al. 2009). We have
calibrated them using the intcal13 marine data and the
Oxcal online program (Bronk Ramsey 2008; Reimer
et al. 2013) using ΔR = 0 14C years for the local offset
to the ocean reservoir correction. It is likely that this
correction was variable during the Holocene (Eiríksson
et al. 2004, 2010; Kristjánsdóttir 2005; Table 1 and
Supplementary Table 1). Depth and age models were
constructed using a simple interpolation between the
calibrated ages (Telford, Heegaard, and Birks 2003).
Several cores extend into the earliest Holocene but we
restrict our coverage to the past 10 cal ka BP. We also
note that several cores did not resolve the last few 100
to 2 cal ka BP. Sediment accumulation rates (SAR, cm/
ka) vary considerably through time and by site (Table 1,
and Supplementary Table 1). In most cases the cores
were sampled for mineralogy at 5–10 cm intervals.
Because of the changes in the SARs and sampling
density the resolution between the records differs
markedly from multi-decadal to multi-century.
Iceland: Observational and historical evidence
of sea ice and icebergs
Because of its impact on Icelanders’ lives sea-ice con-
ditions were frequently noted in annals, letters, and
reports. Accounts of sea ice can be found in sagas and
various documentary sources from the Settlement,
approximately 874 CE, onward, although neither on
an annual basis nor with the exact timing or position
noted accurately. Seasonal letters to the authorities were
written by all sheriffs in Iceland from 1600 to 1890 CE,
describing, among other things, ice conditions and
climate (Ogilvie 1981). Many authors have described
and compared different historical sources of sea ice, as
well as how the ice could affect living conditions in the
country (Thoroddsen 1916–1917; Bergthórsson 1969;
Ogilvie 1981; Jónsdóttir 1995). Historical sources
should be interpreted with caution and checked for
interdependency. For example, it is possible that some
Figure 5. Comparison of measured quartz wt% estimates based
on (1) mixture of non-clay and clay minerals and (2) ground
samples of basalt. Note that the estimated quartz wt% on
basalt samples equals 0 percent (cross symbol) and that quartz
was always detected when it was present. The 45° line marks
the 1:1 association between measured and estimated wt% (see
Supplementary Material for additional data and results).
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sources confused broken-up locally formed ice with
drift ice coming from the north.
Additional independent sources of sea-ice informa-
tion off Iceland are maps established from the logbooks
of Norwegian sealers. The sealing took place at the ice
edge, mainly during the spring when sea ice tends to
reach its maximum extent in these waters. Diaries of
Icelandic farmers have also proven to be valuable to
study sea-ice extent and how sea ice affected farming
and fishing (Jónsdóttir 1995). As an example of the
documentation from historical accounts, sea ice is
described all around Iceland in 1695 (see Einarsson
1969, 322–29; Figure 6). Historical sea-ice records
have been constructed from both observational and
proxy studies. Koch (1945) produced an historical com-
pilation of variations of drift ice to distinguish it from
locally formed sea ice around Iceland and an adaptation
of this has been compiled by the Iceland Meteorological
Office (IMO; Wallevik and Sigurjónsson 1998). Ogilvie
(1996) used documentary sources to create a sea-ice
index for the Iceland shelf from 1600 to 1850 CE,
showing a close correspondence between this index
and the spring air temperatures recorded at
Stykkishólmur, west Iceland (Figure 1). Ogilvie and
Figure 6. Map from Vilmundarson (1969). Open circles show ice coming from the east in south Iceland (Hafís að austan) and from
the west in northwest Iceland (Hafís að vestan). Sea ice off the north and east coast is not shown on this map; only the extremes.
Other text on the map refers to individual Annals (annáll): Eyrarannáll before 1703 (um Þorra fram að sumri = from early year to next
summer); Sauðlauksdalsannáll before 1778 CE; summary of Fitjaannáll before 1720 CE; Fitjaannáll before 1712 CE; Vallaannáll 1701
CE and later; Setbergsannáll 1715 CE. (The other text is 1 vika í maíbyrjun = one week in the beginning of May).
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Jónsdóttir (2000) extended this index up to the year
2000, showing relatively mild ice conditions for the
twentieth century, apart from the first two decades,
and the so-called sea-ice years, from 1965 to the
1970s. Sea ice did not reach Faxaflói in the twentieth
century. The Snæfellsnes peninsula, west Iceland, was
the only place that had no reports of sea ice, although
sea ice was said to have reached Faxaflói (Figure 1)
from the south, and Breiðafjörður from the north
(Gray 1881a). This is not the only occasion when ice
is reported to have reached Faxaflói having circulated
with coastal currents around the east and south coasts
(Vilmundarson 1971), but Breiðafjörður is sometimes
covered by locally formed sea ice.
The Danish Meteorological Institute began systema-
tic reporting of ice conditions off Iceland and
Greenland in the late nineteenth century (Garðarsson
1999) and the Icelandic Meteorological Office has con-
tinued this effort. A cache of late nineteenth and early
twentieth century Danish Meteorological Office ice
maps was recently made available (brunnur.vedur.is/
pub/trausti/) and a variety of earlier observations are
being uncovered (Gray 1881a, 1881b) and compiled
(e.g., Ogilvie 1996, 1997; Divine and Dick 2006).
Figure 1 shows the average April position of the sea-
ice edge (15 percent ice coverage) for 1870–1920 CE,
and the limits in 1881 of sea ice (Gray 1881a, 1881b).
We have compiled previously unpublished data from
the IMO on the occurrence of icebergs (Figure 7A) and
we also illustrate sea-ice data for the region. These data
have not been published before with such high spatial
and temporal resolution (Figure 7B). Figure 7A shows
the distribution of reported icebergs between 1983 and
2011. Figure 7B shows the change in occurrence of sea
ice between 1850 and 1950 in areas #724 and #622
highlighted in Figure 7A. The identification of areas
on these figures uses the Marsden square protocols as
approved by the World Meteorological Organization
(the Marsden squares are the gray numbered grid
shown in the background of Figure 7A). Certain clus-
ters in the data appear near stations on land, where
observations are continuous (weather station Litla Ávík
at Strandir [Figure 1] is a classic example). The same
might be the case for popular fishing grounds.
Comparison between satellite data (radar and medium-
resolution optical data) and reports of direct human
observation indicates that not all icebergs or ice floes
are reported to the IMO. In interviews, ship captains
mention that they would only report ice that was unex-
pected, or could pose a danger to navigation.
The distribution of icebergs has a prominent west–
east trend caused by the major source of icebergs—
Scoresby Sund and other east Greenland tidewater
glaciers north of approximately 66°N (Seale et al.
2011). Occasional icebergs have been reported eastward
to areas #616 and #716, while the southernmost obser-
vations are in #526 and #626. Icebergs drift toward
Vestfirðir and have even been observed to enter some
of the fjords and bays (Figure 7A). A slight bias is
apparent in the Strandir region (Figure 1), where
there is a cluster of ice reports close to a manned
weather station (Litla Ávík). The data set has not been
filtered to prevent the same iceberg being registered
more than once as it drifts, or if many ships or stations
detected it. However, as a map of iceberg sightings in
the past few decades this map should give a good
indication of the spatial limits. A source of error in
the more recent IMO reports is the lack of differentia-
tion between icebergs and floes of drift ice.
Drift-ice variations: Results from the marine
cores
Some of the data from cores discussed here were
included in a previous article that synthesized the indi-
vidual results into a single composite 100 yr resolution
record (Andrews 2009). However, the only cores for
which the quartz wt% data have been published are
MD99-2269 (Moros et al. 2006), MD99-2263 (Andrews
et al. 2009), and MD99-2258 (Axford et al. 2011). As
noted earlier, sediment accumulation rates for the cores
(Table 1, Supplementary Table 1) vary considerably and
are the fundamental control on the temporal resolution
of our data (e.g., Figure 8A.5). Core MD99-2269 (Figure
1) has been studied for a variety of high-resolution
proxies recording changes in Holocene ocean conditions
(Moros et al. 2006; Cabedo-Sanz et al. 2016;
Kristjánsdóttir et al. 2016; e.g., Figures 8A.1 and 8A.2).
Given the variability in the estimated wt% of quartz
versus the measured wt% of quartz (Figure 5), it is
important to note that the estimated wt% from the
cores (Figure 8) rarely reveal large between-sample var-
iations; rather, where we have reasonable sample density,
many sites show a statistically significant increase in
quartz wt% throughout the past 5 cal ka BP (Table 1).
A synthesis of several marine climate proxies in
MD99-2269 (Figure 1) indicated a threefold division
of the Holocene with boundaries at both 6350 and
3450 cal yr BP (Kristjánsdóttir et al. 2016; Figure
8D.1). In terms of our data the probability of
a marine sediment core (with a diameter of ≤10 cm)
recording (i.e., receiving) ice-rafted sediment depends
on: (1) whether the sea ice or iceberg contained sedi-
ment, (2) whether that 10 cm diameter portion of the
sea floor had an ice flow or iceberg drift over it, and (3)
whether melting resulted in sediment release. Because
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southwest Iceland (Figure 1) is well outside modern
sea-ice limits, the probability of one of the southwest
sites recording the rare passage of drift ice is extremely
small (Figure 6). This low probability of drift ice being
recorded even applies to our sites in inner Húnaflói and
Ísafjarðardjúp (e.g., MD99-2266, Figures 4 and 8A,B)
where, although sea ice and icebergs have been
observed (Figure 7), the probability of a coherent drift-
ice signal must be very low (Figure 3).
The data on the drift ice occurrence of the past few
decades to the last millennium around Iceland (Figures 1,
6, and 7) indicate a significant difference between the
northwest–north shelf versus the area south of
Snæfellsnes (Figure 1), with the northern sites generally
indicating an increase in quartz during the past 5 cal ka BP,
whereas sites south of Snæfellsnes have either no trend or
a negative trend (Table 1). Marine core proxy data can be
used to ascertain regional variations on Holocene time
scales at multi-decadal to multi-century resolution. As
noted earlier, in several studies the sea-ice biomarker IP25
and the wt% quartz track each other closely, both in terms
of the seafloor surface samples (see Figure 4) and at specific
Figure 7. (A) Sea ice and icebergs off the coast of Iceland from 1983 to 2011. The data are from the Icelandic Meteorological Office
(IMO), and are based on reports from ships, coastal stations, and ice reconnaissance flights from the Icelandic Coast Guard. The
points are color coded by time intervals of observations. (B) Sea-ice indices in Marsden square areas #724 (blue) and #622 (orange),
marked in the overview map. Note that the Marsden square numbers increase from right to left in increments of two. The indices are
based on historical data, logbooks from ships, reports from weather stations, farmers’ diaries, letters, and newspapers. The temporal
resolution is one month, so it is enough for the ice to be observed within the region for one day of the month to register. The graph
shows five-year sums. There is a shift toward the data sources becoming more reliable with time, as observations became more
systematic.
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core sites (Axford et al. 2011; Cabedo-Sanz et al. 2016;
Darby et al. 2017).
North Iceland shelf: Húnaflóaáll–Húnaflói
Four cores have been studied from Húnaflói
(Helgadóttir 1997), which lies on the eastern margin
of our study area and includes areas #720 and #620
(Figures 7 and 8). Húnaflói experiences rare incursions
of drift ice today, including both icebergs and sea ice
(Figure 9). The inner shelf sites lie within the NIIC but
cold and fresh Arctic and Polar waters overlie the sites
further seaward (Figure 2). Paleoclimate proxy data
from these sites have been published (Andrews and
Giraudeau 2003; Castaneda et al. 2004; Solignac, de
Vernal, and Hillaire-Marcel 2004; Smith et al. 2005).
Figure 8. Data from (A) Húnaflói; (B) Djúpáll; (C) Breiðafjörður, Kolluáll; and (D) Faxaflói (see Figure 1 and Table 1 for core locations).
In all graphs quartz = red, calcite = blue, and they are plotted against calibrated years BP. Time scales for C.1 and C.2 are for the past
4,000 cal yr BP. Graphs A.1 and A.2 show the quartz and calcite data (Moros et al. 2006) and sea-ice biomarker data (Cabedo-Sanz
et al. 2016) from MD99-2269. B.1 is the average and standard deviation estimates of quartz and k-feldspars in north–northwest
Iceland cores (Andrews 2009). Graph D.1 shows the principal component scores and the vertical dashed lines outline the Holocene
marine climate boundaries (Kristjánsdóttir et al. 2016).
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The outermost core on the Húnaflói transect is the
high-resolution sampled and well-dated core MD99-
2269 (Moros et al. 2006; Stoner et al. 2007). This core
lies close to the average April (1870–1920 CE) sea-ice
limit (Figure 1; Divine and Dick 2006). During the
past 10 cal ka BP quartz wt% (drift-ice proxy) varied
between 1 percent and 4 percent at MD99-2269
(Figure 8A) and calcite (marine productivity proxy)
rose from approximately 2 percent to maximum values
of approximately 13–15 percent between 6 and 4 cal ka
BP. The sea-ice biomarker IP25 (Cabedo-Sanz et al.
2016) was only quantified for the past 8 cal ka BP
(Figure 8A) and during this period is correlated with
the quartz wt%. At the other outer Húnaflói sites (#327
and #324) the trends of the quartz and calcite parallel
those of MD99-2269, with calcite wt% declining dur-
ing the past 4 cal ka BP, whereas wt% quartz shows
a slight but irregular increase. B997-324 has
a significant peak in quartz in the early Holocene
(between 10 and 8 cal ka BP), but quartz decreased
to the lowest values between 6 and 4 cal ka BP. At
B997-330 close to the coast (Figures 1, 8, and 9), the
calcite wt% is a close match to the MD99-2269 data
but the quartz wt% are less than 1 percent with rather
surprising, if real, “high” peaks of approximately 1 per-
cent in the mid-Holocene between 5.5 and 4 cal ka BP.
The rather persistent presence of low quartz wt% may
support some incursions of drift ice to the inner part
of Húnaflói throughout the Holocene, a condition that
has occurred in recent time (Figure 7A). The calcite
Figure 8. (Continued).
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record from B997-329 between 10 and 8 cal ka is
different from the other records, but because of the
slow rate of sediment accumulation sampling is too
sparse to comment further.
Northwest Iceland shelf: Djúpáll–Ísafjarðardjúp
Five cores have been studied from Djúpáll at sites
extending from near the shelf break and Denmark
Strait to the mouth of Ísafjördur (Figure 1, Table 1).
The outer area lies within the 1870–1920 CE average
April sea-ice limit (Figure 1). Recent incursions of sea
ice brought sea ice to the Iceland northwest coast
(Jónsdóttir and Sveinbjörnsson 2007). However, today
the trough is mainly in the domain of the warm and
salty Irminger Current (Figure 2). The area includes
Marsden squares #624 and #724, which have numerous
iceberg sightings and they have been observed along the
trough well into Ísafjarðardjúp (Figure 7A). The most
detailed temperature estimates from Djúpáll for the
past 2 cal ka BP are based on aragonite mollusk shells
(Patterson et al. 2010) that indicated temperature var-
iations of approximately 4°C, with a minimum bottom
water temperature at approximately 1400 CE.
A feature of the qXRD data in Djúpáll is the very large
calcite percentage, ranging between 20 percent and 50 per-
cent (Figure 8B), indicating high marine productivity espe-
cially in foraminifera. The Djúpáll sites indicate overall
Figure 9. Transects of Holocene quartz wt% data for cores along the Húnaflóaáll-Húnaflói and Djúpáll-Ísafjarðardjúp troughs (Figure
1), distance calculated from the outer cores. Note that the exact time period covered for each core varies (Figure 8). The plots also
include the minimum and maximum wt% and the median wt% for each core. Also shown is the occurrence of driftwood on beaches
and the average April 1870–1920 sea-ice edge (see Figure 1).
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a rising trend in calcite from 10 to 2 cal ka BP, after which
calcite declines. The quartz wt% declines landward from
a relatively constant approximately 2 percent from 10 to
2 cal ka BP at the outer Djúpáll site (B997-315) to virtually
no quartz at the mouth of the Ísafjarðardjúp (MD99-2266;
Figure 8B). Sites in the mid-trough (MD99-2263/64, B997-
313, and JM96-1232) show similar Holocene variations in
quartz wt% as MD99-2269 in Húnaflói and thus are repre-
sentative of conditions around north–northwest Iceland
(Andrews 2009; Figure 8bB.1). This trend in quartz wt%
indicates the presence of drift ice between 10 and 8 cal ka
BP and during the past 2 cal ka BP. Actual estimated quartz
wt% values are low throughout the cores, rarely exceeding
2 percent, but this is partially explained by the very high
calcite wt% estimates. Darby et al. (2015, 2017) argued that
medium sand–size to coarse silt–size iron oxide grains
were carried to the area (MD99-2263/MD99-2264) not
only primarily by icebergs from east–northeast Greenland
but also by sea ice from sites around the Arctic Basin.
West Iceland shelf: Arnarfjörður, Kolluáll
This area (Figure 1) is represented by two sediment
cores (Arnarfjörður AA2010-10-586 and Kolluáll
B997-343; Figure 1) that are limited to the past 2–
3 cal ka BP (Figure 8C) and lie close to the observed
limits of drifting icebergs (Marsden squares #626 and
#624; Figure 7A); sea ice occasionally has been observed
drifting in from the north. As indicated by Gray’s map
for 1882, drift ice may have extended south into
Kolluáll, near to both sites (Figure 1). Local fast ice
can form along the coastline in severe winters. The two
sediment records indicate low but persistent quartz wt
% (<1%), approximately 2–1.5 cal ka BP, which
decreased toward the present, suggesting an opposite
trend from sites to the northwest and north (Figure 8A,
B). These values of quartz wt% are close to the detec-
tion limit, but we note that repeated measurements of
basalt samples always resulted in zero wt% quartz
(Figure 5).
Southwest Iceland shelf: Faxaflói
The southwest Iceland shelf had no reported icebergs in
the period 1983–2000 (Figure 7A, area #424) and it lies
well south of most modern limits of drift ice. The sea-
ice biomarker IP25 was not present during the past
2 cal ka BP in core MD99-2258 (Axford et al. 2011)
and seafloor samples collected in 1997 also had no trace
of the sea-ice biomarker (Figure 4). Quartz wt% esti-
mates are generally less than 1 percent (Figure 8D) and
for most cores only an occasional trace is detected.
These data, in conjunction with our experimental
runs (Figure 5), support the argument that this area
of the Iceland shelf has remained largely outside the
limits of drift ice. Gray’s map for April and May 1882
shows the ice encircling Iceland but, with Faxaflói ice
free (Figure 1). Jennings, Andrews, and Wilson (2015)
argued that icebergs from the Laurentide Ice Sheet
reached southwest Iceland during the early Holocene
and certainly the quartz wt% are also much higher in
cores such as MD99-2256 and MD99-2259 immediately
following deglaciation (Figure 8D; Andrews et al. 2018).
Faunal and stable isotopic evidence in a push core
(from box core HU93030-003; Jennings et al. 2001)
suggested colder ocean conditions during the Little
Ice Age (LIA) and perhaps also indicating drift-ice
transport into Faxaflói in the coastal current.
However, it is unclear how much sediment this drift
ice would retain after such a long clockwise transport
trajectory around Iceland, when quartz wt% on the
northern shelf (e.g., Figure 8A) was already quite low.
The isolated quartz approximately 1 percent peak in
MD99-2256 may represent a rare incursion of drift ice.
In the recent past drift ice has been observed on a few
occasions, and always from the south, brought into the
area by the clockwise surface circulation (Figures 2 and
6). Ice is reported to have reached Reykjanes in 1850,
1859, and 1881.
Discussion
A critical issue in comparing the historical and obser-
vation records (e.g., Figures 6 and 7) with the marine
proxy data (Figures 8 and 9) is that the marine sedi-
ment data, depending on the rate of sediment accu-
mulation, integrate events throughout multi-decades
to centuries versus the yearly time scale that is inher-
ent to the observational data. In addition, marine
piston or gravity coring frequently does not capture
or retain the uppermost sediment column (see
Supplementary Table); thus, the records are often
missing all or part of the LIA. Alternatively, box
cores (e.g., MD99-2258, MD99-2263; same site as
MD99-2264) are specifically designed to retain sur-
face and historic-aged sediments (Axford et al. 2011).
A further complication is that the period when drift-
ice observations are available (past few hundred
years) is a period when there is considerable uncer-
tainty in the calibration of radiocarbon dates (e.g.,
Sejrup et al. 2010) because of significant structural
changes in the radiocarbon calibration curve. This,
plus the relatively low rates of sediment accumulation
in our box cores, means that direct decadal compar-
isons with other Iceland LIA records (Ogilvie and
Jónsson 2001; Axford et al. 2011) are not possible.
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Regardless, the pattern of quartz in experimental data
(Figure 5), recent seafloor sediments (Figure 4), and
regional Holocene patterns (Figures 8 and 9) support
the iceberg and sea-ice observations (Figure 7) that
indicate a strong contrast between north and north-
west Iceland versus the west and southwest.
The wt% of calcite (Figure 8A–D) broadly reflects
marine productivity and all the records indicate an
increase from low values at 10 cal ka BP to maximum
values between 6 and 4 cal ka BP. Several cores (e.g.,
B997-324, JM96-1232) have their highest quartz wt%
values in the period prior to approximately 8 cal ka BP.
The consistent suppression of calcite in the cores until
approximately 8 cal ka BP (e.g., B997-324, Figure 8)
implies the presence of a low salinity meltwater lid,
possibly reflecting the influence around Iceland of the
late deglaciation of the Laurentide Ice Sheet. The mar-
ine core evidence (see Figure 8) indicates that quartz wt
% starts to increase approximately 6 cal ka BP, suggest-
ing an association with the onset of Neoglaciation and
possibly reflecting readvances in east Greenland tide-
water glaciers (Andrews et al. 1997; Vasskog et al.
2015). Most of the cores from the northwest and
north Iceland outer to mid-shelf areas show
a persistent and statistically significant trend for
a quartz wt% increase during the past 5 cal ka BP
(Table 1), thus also suggesting a link with the onset of
Neoglaciation (Geirsdóttir et al. 2019). However,
research around the Arctic Basin also pointed out that
the shallow Russian shelves were flooded by the post-
glacial sea level rise approximately 6 cal ka BP (Bauch
et al. 2001; Blaschek and Renssen 2013), which would
probably have resulted in a significant increase of
quartz-rich sediment entrainment in sea ice (Vogt
1997; Dethleff 2005; Dethleff and Kuhlmann 2009).
The records (Figure 8A,B) show a steady increase in
the wt% quartz in cores from the outer areas of north
and northwest Iceland and those that lie seaward of the
zero wt% quartz boundary (Figures 4 and 9, Table 1).
The evidence for drift ice in southwest Iceland, based
on the quartz proxy (Figure 8C,D), indicates that there
have been no persistent Neoglacial incursions of drift
ice, although MD99-2258 showed a marked increase in
the past 300 years or so. It is also intriguing that the
quartz data from A2010-10-586 and B997-343 (Figure
8C), although only evident in trace amounts, show
a significant decrease in quartz during the past 4–2 cal ka
BP, thus an opposing trend to data from sites to the
north (Table 1).
Earlier we noted that the strong correlation in
terms of seafloor data between the quartz and IP25
records in MD99-2269 (Figure 4; Cabedo-Sanz et al.
2016) suggests that the quartz record is primarily
associated with sea ice rather than icebergs. This is
based on the fact that diatom producers of IP25 have
no association with glacial ice (Belt and Müller 2013).
In Djúpáll (MD99-2264 and B997-313) there is evi-
dence for a strong east Greenland (iceberg) compo-
nent in sediment composition (Darby et al. 2017).
However, we note that there is little evidence in
X-radiographs from these cores of coarse ice-rafted
debris (IRD) (>2 mm) during the past 10 cal ka BP.
Also, our data indicate that there is little evidence for
any prolonged periods of drift ice reaching Faxaflói.
Any ice that reached the area would be floe ice carried
into the region by the coastal current and would not
form a dense ice pack, consistent with modern and
historic information on the area (Figures 6 and 7).
Plots of the quartz wt% along the northern shelf
(Húnaflóaáll-Húnaflói) and northwest shelf (Djúpáll-
Ísafjarðardjúp) troughs show a consistent decrease, as
might be expected toward the coast (Figure 9). The med-
ian values of quartz are less than 0.5 percent in both
troughs, probably reflecting the effect of increased melting
in the IC and NIIC on the inner shelf (Figure 2). Based on
the 1997 seafloor samples (Figure 4), the recent 0 percent
quartz limit lies approximately 40 km from the outer coast
(Figure 9) even though the map of the iceberg distribution
(Figure 7A) shows numerous icebergs landward of that
limit. This speaks to the questions of: (1) Do the icebergs
still retain sediment after a long drift? and (2) what is the
probability of an iceberg tracking over a core (~75 cm2)
site? We are unable to provide any rigorous estimate for
this probability but a simple ratio of the total area of the
seafloor versus that of the combined icebergs is of the
order of 0.001. Figures 3 and 9 indicate that driftwood, as
an index of sea ice, significantly extends the drift-ice limit
beyond the evidence provided by other proxies (Figure 4).
Using a series of historical archives, Lamb (1979)
discussed the conditions in the northwest North
Atlantic during the LIA at approximately 1675, suggest-
ing that sea surface temperatures were 5°C colder than at
present. The impact of the export of freshwater (in the
form of sea ice) on the subpolar gyre has been modeled
(Moreno-Chamarro et al. 2017) and the impact of the
“Great Salinity Anomaly” (1969–1970; Dickson et al.
1988) on the Iceland climate is well documented
(Ólafsson 1999). The agreement between the export of
heavy, multiyear ice (the so-called storis; Schmith and
Hanssen 2003) along the Greenland shelf and the Iceland
drift-ice data (Alonso-Garcia et al. 2013) during the past
150 yr suggests that climatic events in the Arctic Basin
and Fram Strait, especially freshwater and sea-ice export,
are critical (Mysak and Power 1992; Rogers, Yang, and Li
ARCTIC, ANTARCTIC, AND ALPINE RESEARCH 109
2005). Such variations have been used to explain the
record of driftwood (Tremblay, Mysak, and Dyke 1997)
on beaches in Arctic Canada.
Conclusions
We present a new compilation of sea-ice conditions
off Iceland and the first compilation of the locations
of icebergs during recent decades in the region
(Figure 7A) and compare this information with
down-core analyses of sea-ice proxies. The modest
values of quartz in the sediment matrix (<2 mm)
show that the observed invasion of drift ice along
the north shelf (Húnaflóaáll-Húnaflói) and north-
west shelf (Djúpáll-Ísafjarðadjúp) troughs (Figures
8 and 9) was persistent, especially during the Early
(10–8 cal ka BP) and Late Holocene (past 2 cal ka
BP). Despite errors in the estimates of the wt% of
quartz (Figure 5; Supplementary Material; Raven
and Self 2017) the coherent presence or absence of
quartz (Figure 8), and the agreement in the position
of 0 percent quartz in both surface and core trans-
ects (Figures 4 and 9) gives us confidence in our
overall conclusions. The decreases in quartz wt% on
the inner shelf of the northern transects (Figures 4
and 9) suggests that the presence of warm Atlantic
water has been a persistent factor throughout the
past 10 cal ka BP. We see little evidence in our
quartz wt% proxy for a prolonged Neoglacial inva-
sion of drift ice onto the southwest Iceland shelf.
However, the broad-scale geographic trend must
also be viewed in the context of the changes at
each core site (Figure. 8), which especially in the
two northern areas shows a broad U-shaped pattern
in quartz with a clear increase in the past several
millennium.
The difference in the resolution between the yearly
observational and historical records and the decadal to
century marine core records indicates that comparisons
need to be based on trends, and it is unrealistic, given
the sampling interval and rates of sediment accumula-
tion (Table 1), to search for specific severe ice years
within marine core archives, although high-resolution
sampling at sites with rates of sediment accumulation
greater than or equal to 100 cm/ky could derive robust
decadal resolutions (Table 1).
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